Abstract. The rheological properties of red blood cells (RBCs) in microvessels have a significant impact on the flow and transport of oxygen and nutrients in the blood. This paper used numerical methods to simulate the rheological property of the malaria-infected cells in microvessel, and compare the simulation results with other people's findings. The results illustrate that in the 10-µm microvessel with low hematocrit (Hct) condition (18% and 27%), the Plasmodium falciparum-infected red blood cells (Pf-IRBCs) and healthy red blood cells (HRBCs) first form a "train". In addition, the velocity of the Pf-IRBCs in the microvascular flow is slower than HRBCs, resulting in the increase of the surrounding erythrocyte hematocrit to about 40% or more. But this increase of volume fraction of RBCs is just temporary. It is observed that a similar phenomenon happens at the downstream region with 45%-Hct in the same microvessel. In the 20-µm microvessel with high-Hct condition (45%), the Pf-IRBCs slow down the velocity of the surrounding HRBCs and then locally elevate the volume fraction and result in the accumulating of the RBCs at the center of the vessels. Moreover, the Pf-IRBCs have a tendency to migrate to the edge of the RBC aggregates, which is called margination of red blood cells. This study is of some significance to the development of biomechanical experiments and devices.
Introduction
Malaria is a serious infectious disease. It is widely spread in some areas and mainly relies on mosquito bites. According to incomplete statistics, every year about 50 million people are infected with malaria worldwide, while among them approximately 10 million people die (most of them are infants and young people). It is estimated that the resulting deaths are 71.1 million people in 2015 alone. Although the incidence of malaria has declined in recent years, there is still a long way to go before we completely eliminate this disease.
Experimental research has shown that when humans are infected with Plasmodium falciparum, the parasite will invade and develop the human red blood cells (RBCs). Parasitic-derived proteins change the cell membrane and cytoskeleton [1, 2] , making the plasmodium falciparum-infected red blood cells (Pf-IRBCs) become more rigid than healthy red blood cells (HRBCs), and reduce the deformability of HRBCs [3, 4] . The altered blood rheological properties, increased flow resistance, and occluded blood vessels may be due to the alternation of the biomechanical properties of the Pf-IRBCs [5] . So the malaria-infected blood flow model must take into account the situation of the hardening of the cell membrane [4, 6] .
HRBCs show lateral migration phenomenon in the normal physiological conditions, thus form a cell-dense region near the center of the blood vessel and a cell-free layer near the vessel wall [7] . But when the Pf-IRBCs and HRBCs present together in microvessel, they are more likely to move away from the center of the blood vessel and this phenomenon is called margination. The margination phenomenon has been investigated by experimental and numerical methods [8] . It is also worth noting that the Pf-IRBCs may adhere to microvasculature in postcapillary venules and arterioles [8, 9] . The predictive capability is one of the advantages of numerical models, and they can be applied to a number of diseases associated with blood flow, such as malaria [4, 6] and sickle cell disease [10, 11] . Numerical study [6] explained the phenomenon of the margination effect of Pf-IRBCs and predict that it may increase cytoadhesion, and the factors affect the margination process have also been studied numerically [12] .
In this study, we considered the interaction between Pf-IRBCs and HRBCs in blood samples and established a model of micro-scale blood flow with malaria infection. We numerically simulated the hydrodynamic interactions between Pf-IRBCs and HRBCs in two-dimensional channels with diameter 10 and 20 µm and different hematocrit conditions. In the simulation model, we varied the number ratio Pf-IRBCs to HRBCs to express the effect of the infection degree.
Methods

Blood Flow Model
In the previous numerical experiments [13] , we have established a numerical method for simulating the behavior of RBCs in micro-scale blood fluids. It successfully modeled the deformation of RBC and the cell-cell interactions in microvascular blood flow. In this paper, we will extend this method to simulate the hematopoietic RBCs of malaria infection. Assuming that blood plasma and cytoplasm of the RBCs are incompressible and Newtonian fluids, the law of conservation of mass and momentum is expressed in Cartesian coordinates using the following equations:
where the notation ρ refers to density; u to velocity; f Ω to rectangle domain; t to time; p to pressure; µ to viscosity; f to external force.
Red Blood Cell Model
We used the spring model [13, 14] to simulate RBCs, which has a good description of RBC membrane deformable property. The membrane of a RBC is modeled by a spring network of membrane particles. The springs with stretch/compression and bending moduli change its length and the bending angle between two neighboring springs under external force.
As the parasite develops in malaria-infected red blood cells, the Pf-IRBC undergoes an increase in stiffness and change in shape from biconcave to more spherical. The cells will lose their original elasticity and the membrane hardens, especially in trophozoites and schizont stage. In the numerical simulation, we changed the stretch/compression and bending constants to represent the change of the cell membrane deformability.
Results
Simulation Conditions
In this paper, we simulated flows in a straight rectangle channel with diameter of 10 µm and 20 µm. The length of the channel was set at 30 µm for all simulations, and the periodic boundary condition was employed to observe the long-term hemodynamic behavior of RBCs. The flow was driven by the pressure difference between the periodic outlet and inlet so that the mean velocity was 10cm/s in the case of healthy blood. In the computational domain (10µm×30µm), we included one or two Pf-IRBCs and some HRBCs. The Pf-IRBCs were characterized as twenty folds membrane stiffness as HRBCs. In order to study the effects of Hct on the Pf-IRBCs, we compared the flow for three cases in this 10-µm channel: Hct=18%, Hct=27%, Hct=45%, and included only one Pf-IRBC. The number ratio of the Pf-IRBC to HRBCs was 1:3, 1:5, and 1:9, respectively. In the computational domain (20µm×30µm), we compared the flow for two cases in this 20-µm channel: Hct=45%, and one Pf-IRBC; Hct=45%, and two Pf-IRBCs. The number ratio of the Pf-IRBC to HRBCs was 1:19 and 1:9, respectively. For clarity, the parameters used in this study are listed in Table 1 . Figure 1 shows the movement and blood flow behaviors with Hct=18% in the 10-µm channel and the number ratio of Pf-IRBC to HRBC is 1:3. It should be noted that the hematocrit is significantly lower than in a patient, and the number ratio of Pf-IRBC to HRBC is much higher. The purpose of setting this configuration is to study the hydrodynamic effects of a Pf-IRBC on another HRBC under this numerical condition. The Pf-IRBC is expressed as the purple cell. The deformability of Pf-IRBC is significantly lower than that of HRBC, and the cell maintains its original double-sided concave shape. While the HRBC become deformed into various shapes, such as parachute, slipper, or bullet shape in flow. The Pf-IRBC and neighbor HRBC can touch and immediately separate. Thus the interaction is not continuous. The Hct value at the "train" of cell region can temporally increase to around 40%. However, a more compact "train" of cells is observed for 27%-Hct sample as shown in Figure 2 In contrast, the hydrodynamic behavior of red blood cells is different for 45%-Hct sample as shown in Figure 3 . We also observe that the volume fraction of RBCs increase significantly at the downstream region in this high-Hct condition. The cells do not form a regular train but squeeze together with the cells being randomly located. This is because the flow rate of the HBCs is often faster than the single Pf-IRBC and they are pushed by the following HBRCs to pass the Pf-IRBC in the gap between the cells and the wall. When this happens, the Pf-IRBC is forced to locate and flow near the vessel wall. This leads to a local increase in the volume fraction of RBCs, as shown in Figure 3C , but this increase in hemoglobin volume fraction is only temporary. Then we simulated blood flow with Hct=45% and the number ratio of 1:19 and 1:9 in the 20-µm channel, and the results are presented in Figures 4 and 5 , respectively. The study shows that in this physiological state, the deformability of HRBCs is significantly greater than Pf-IRBC, and the Pf-IRBCs moved slower however they did not cause significant Hct fluctuation.
Hematocrit Variation
Margination of Pf-IRBC
Through numerical simulations, we observed significant margination of Pf-IRBC in the case of Hct=45% in both channels, however not for the case of Hct=18% and 27% in the 10-µm channel. Figure 2 shows successive snapshots of malaria-infected RBCs with Hct=27% in the 10 microchannel. The Pf-IRBC can occasionally move toward the vessel wall because of the interaction of the following HRBC. However, this interaction did not last long because of the relatively low Hct value. Figure 3 , 4, and 5 show the typical visualization of Pf-IRBC margination under the condition with Hct=45%. The HRBCs can flow parallel to the axial direction of the vascular channel in order to pass the gap between the Pf-IRBC and the microvascular wall and then push the Pf-IRBC away from the center. The Pf-IRBC can thus marginate and flow close to the endothelial cells. As the surrounding HRBCs get away from the Pf-IRBC, they immediately go back to the center of the channel. On some occasions, the Pf-IRBC moves back to the center of the channel. In this case, the process will restart and the Pf-IRBC migrates to the wall again. 
Discussion
This study shows that the HRBCs move faster than Pf-IRBC and leads to local hematocrit increase around the Pf-IRBC. Especially, this phenomenon is more obvious in high-Hct conditions. In the 10-µm microvascular channel with 18%-Hct, the volume fraction of red blood cells is sometimes elevated. However, this local increase of hematocrit cannot be maintained for long and the overall distribution of cells is almost uniform. On the other hand, in the same channel as the Hct increased to 27%, the Pf-IRBC and HRBCs form a "train" of cells. The Pf-IRBC and the following HRBC are close enough to have contact with each other and the HRBCs arre accumulated in the downstream region where the local Hct is elevated to around 40%. And we increase the hematocrit to 45%, the Pf-IRBC and HRBCs did not form a cell train, and the volume fraction is sometimes elevated to near 50% or higher in the Pf-IRBC region. However, the volume fraction immediately drops because the volume fraction is low in the upstream region. The slower moving of Pf-IRBC and its ability to block the HRBCs is the mechanism of local fluctuation of Hct.
Whereas in the 20-µm microvascular channel with Hct=45%, red blood cells accumulate near the center of the blood vessel and form a cell-free layer near the vessel wall. In order to pass the gap of the Pf-IRBC and the microvascular wall, the HRBCs push the Pf-IRBC away from the center. Our simulation study shows that there is a continuous hydrodynamic interaction between the Pf-IRBC and HRBCs in high-Hct conditions which leads to the margination of the Pf-T-IRBCs. Although the present simulations do not include the effects of adhesion interactions, this property has been reported experimentally and is believed to be a factor that enhances margination of Pf-IRBCs. The results are in good agreement with the results in ref.
[15]
Conclusions
Studying on how malaria in transmission affects blood circulation by altering the nature of RBCs is of great importance. It not only helps to understand and treat such diseases, but also to acquire a better understanding of diseases associated with blood microcirculatory systems. It also provides new ideas and theories for the design of biomedical experiments to some extent. The results of this study deepen people's understanding of the law of blood flow, physiological function and disease mechanism of microcirculation system, as well as the hemodynamic effect of RBCs in microcirculation that are infected by Plasmodium falciparum. This study is of some significance to the development of modern life science, and it also offers guidance based on scientific theories that are directed to the prevention, diagnosis and treatment of blood diseases. 
